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Resist-substrate interface tailoring for generating high-density arrays of Ge and Bi 2 Se 3 nanowires by electron beam lithography
I. INTRODUCTION
Hydrogen silsesquioxane (HSQ) is a high-resolution, negative-tone, inorganic, electron beam lithography (EBL) resist, which is capable of producing high-density features in the sub-20 nm regime. 1, 2 Additionally, following electron beam exposure, HSQ physically and chemically, closely resembles SiO 2 .
3 This similarity to SiO 2 ensures that HSQ is inherently compatible with current microelectronics processing. To date, the use of HSQ has been largely limited to Si processing, although the application of HSQ to several other materials has been reported. [4] [5] [6] This article describes the application of an HSQ EBL process to single crystal Ge wafers, and Ge and Bi 2 Se 3 thin films grown by molecular beam epitaxy (MBE). Literature reports on the application of an HSQ EBL process to these materials have detailed difficulties with the direct application of HSQ to their surfaces, and have attributed these difficulties to poor adhesion between HSQ and the surfaces of the materials. Consequently, there have been a number of reports identifying "adhesion promoting" interstitial layers such as Ti, 5 Si, 7 and Cr. 8 This work identifies the cause of the reported "poor adhesion" and further concludes that, although HSQ does in fact adhere well to the surfaces of Ge and Bi 2 Se 3 , it is in fact the high solubility of the native oxides of these materials in the aqueous, basic, HSQ developer solutions that results in delamination of HSQ structures from the respective surfaces of Ge and Bi 2 Se 3 . The present work not only identifies why the need for HSQ adhesion promoters exists, but also details routes to apply HSQ directly to the surfaces of Ge and Bi 2 Se 3 , without the use of additional adhesion promoting layers. Adhesion promoting layers, such as those detailed previously, may not be compatible with all processes, e.g., metallization is typically avoided prior to device contact formation in front end of line lithography for integrated circuit fabrication. Further, the presence of additional adhesion promoting layers introduces the requirement for additional etching steps both prior to, and following pattern transfer to the device layer. Consequently, a technique such as that detailed herein may find favor when high-resolution lithography is required directly on Ge or Bi 2 Se 3 surfaces or when a process compatible adhesion promoting layer does not exist.
Ge is an intrinsic group 14 semiconductor that offers a number of distinct advantages over Si for microelectronic device applications. 9, 10 Namely, Ge exhibits superior electron and hole mobilities relative to Si and has a lower band gap energy. 11 Ge possesses a complex native oxide (GeO x ) consisting of GeO and GeO 2 components, as well as nonstoichiometric oxides. Both GeO and GeO 2 are soluble in tetramethylammonium hydroxide (TMAH) and NaOH. Consequently, if a GeO x layer exists between the Ge crystal and the HSQ EBL resist, dissolution of the underlying GeO x layer during development of the resist will result in lift-off of any high-resolution features written by EBL. Removal of the native Ge oxide is thus imperative prior to HSQ deposition, to facilitate the use of traditional aqueous HSQ developers. Although nonaqueous developers do exist for HSQ, these have been shown to offer significantly lower resolution than their aqueous counterparts. 12 Bi 2 Se 3 has attracted much attention due to recently discovered topological insulating properties in the material. 13, 14 a) Authors to whom correspondence should be addressed; electronic addresses: nikolay.petkov@tyndall.ie; j.holmes@ucc.ie
Topological insulator nanowires and nanoribbons may have applications in quantum computing. 15 Bi 2 Se 3 has also been extensively studied for thermoelectric devices and infrared detector applications. 16 Hicks and Dresselhaus proposed in the early 1990s that one-dimensional (1D) thermoelectric materials would display enhanced thermoelectric performance relative to bulk materials, due to reduced thermal conductivity in the 1D structures caused by confinement effects on the mean free path of phonons in the confined material. As a result, 1D thermoelectric materials, such as Bi 2 Se 3 nanowires and nanoribbons, have been increasingly researched as potentially useful materials in next generation thermoelectric generators. 17 Kong et al. recently showed that the native oxide on Bi 2 Se 3 is composed of both BiO x and SeO x , and although the BiO x component rapidly forms on oxide free Bi 2 Se 3 surfaces, the SeO x component forms slower. 18 Importantly, at room temperature, the SeO x component of the native oxide is soluble in aqueous bases, whereas the BiO x component is not. 19 Consequently, application of an HSQ EBL process to Bi 2 Se 3 requires removal of SeO x prior to HSQ deposition. This work thus details a reproducible route to the production of high-resolution features on Ge and Bi 2 Se 3 using an HSQ direct-write, negative-tone, EBL process.
II. EXPERIMENT
Ge substrates were patterned using the following approach. A 15 mm Â 15 mm piece of p-doped (P, 10 17 cm
) or n-doped (As, 10 17 cm
À3
) Ge h100i oriented wafer was first degreased via ultrasonication in acetone and iso-propanol (IPA) solutions (2 Â 2 min), dried in flowing N 2 gas and baked for 2 min at 120 C in an ambient atmosphere to remove any residual IPA. Immediately prior to deposition of the HSQ resist layer the Ge surface was Cl terminated. The process used to achieve Cl termination was similar to that reported by Sun et al. 20 First, the Ge wafer was immersed in de-ionized (DI) water for 30 s, and then 4.5 M HNO 3 for 30 s followed by drying in flowing N 2 gas for 15 s. The Ge piece was then immersed in a 10 wt. % HCl solution for 10 min. The wafer was then dried in flowing N 2 for 10 s, and spin-coated (2000 rpm, 32 s, lid closed) with a 1.2 wt. % solution of HSQ (XR-1541 Dow Corning Corp.) in methylisobutyl ketone (MIBK) to produce a 25 nm film of HSQ. The wafer was baked at 120 C in an ambient atmosphere for 3 min prior to transfer to the EBL system for exposure. The pre-exposure bake served two purposes: (i) the HSQ oligomers in the resist film thermally increase in size due to crosslinking during baking, thus lowering the required electron dose for high-resolution EBL, and (ii) baking removes any residual MIBK solvent. Electron beam exposure was performed using a Zeiss Supra 40 FESEM equipped with a Raith Elphy digital pattern generator operating at 10 keV. All Ge samples were developed in a 0.125 M NaOH, 0.35 M NaCl solution for 30 s followed by a rinse in flowing DI water for 60 s. The samples were then dried in flowing N 2 gas. A Cl 2 reactive ion etch (RIE) was performed in an Oxford Instruments Plasmalab 100, to transfer the HSQ pattern to the underlying Ge substrate. Process parameters used for the Cl 2 RIE included a Cl 2 flow rate of 30.0 SCCM (where SCCM denotes cubic centimeters per minute at standard temperature and pressure), radio frequency power of 80 W, 10 mTorr working pressure, 20 C substrate temperature, and a 10 s etch time. Further, the sample to be etched was thermally contacted to the stage of the RIE tool via a thin layer of Cool-Grease (Amerasia International Technology Inc.) applied to the underside of the sample.
MBE-grown Bi 2 Se 3 thin films were produced as described previously. 21 Prior to HSQ deposition the native oxide on the Bi 2 Se 3 films was dissolved by immersing the substrate in an aqueous solution of 0.25 v/v developer/DI water, 0.023 M TMAH, 0.006 M NaOH, and 0.016 M NaCl, for 15 s, rinsed in flowing DI water for 30 s, and dried in flowing N 2 gas for 10 s. A 1.2 wt. % HSQ solution was immediately dispersed on the substrate and spin-coated as described previously. The sample was then baked at 120 C in an ambient atmosphere for 3 min prior to transferring to the EBL system for exposure. The sample was developed by manual immersion in an aqueous developer solution of 0.116 M TMAH, 0.028 M NaOH, and 0.078 M NaCl for 15 s, rinsed in flowing DI water for 60 s, and dried in a flow of N 2 gas for 15 s. The HSQ pattern was transferred to the Bi 2 Se 3 film using an Ar þ ion etch in an Oxford Instruments Plasmalab 100.
Scanning electron microscopy (SEM) was performed on a Zeiss Supra 40 FESEM. Transmission electron microscopy (TEM) cross sections were prepared using a standard focused ion beam (FIB) mill and lift-out technique on a FEI Helios Nanolab 600i dual-beam SEM/FIB equipped with an Omniprobe micromanipulator. TEM analysis was performed on a Jeol 2010 high-resolution instrument with a LaB 6 emission source operating at 200 kV.
III. RESULTS
Cl-terminated Ge was found to successfully eliminate the presence of an interfacial Ge oxide between the Ge substrate and the HSQ EBL resist. Elimination of the native oxide on Ge thus allowed for the production of ordered arrays of 20 nm wide HSQ lines directly onto the Ge surface. Figure 1 shows an SEM micrograph of 20 nm wide HSQ lines produced on Cl-terminated p-Ge. Figure 1 (inset) is an SEM micrograph of a Ge sample for which the native oxide was not removed prior to HSQ deposition and EBL exposure. Comparing the two SEM micrographs in Fig. 1 , it is apparent that removal of the native Ge oxide prior to EBL is necessary to produce ordered arrays of high-resolution HSQ features on Ge surfaces. The requirement for removal of the native Ge oxide prior to EBL processing can be attributed to the high solubility of GeO 2 , and to a lesser extent GeO, in strong aqueous bases such as NaOH. When the sample shown in Fig. 1 (inset) was placed in the developer solution after electron beam exposure, the native Ge oxide between the Ge crystal and the exposed HSQ was dissolved. Dissolution of the native Ge oxide in the developer solution resulted in partial lift-off of the HSQ lines and consequently a loss of order in the resultant HSQ mask as shown in the SEM micrograph in Fig. 1 (inset) . Line edge roughness (LER) of the 20 nm wide HSQ lines (pitch 70 nm) was measured at 3.3 nm (3r) by analysis of high magnification SEM images using IMAGEJ software. Details of the process used to calculate LER are included in the supplementary material. 22 Figure 2 shows Ge 3dd core level XPS spectra for Ge samples before and after chemical treatment to remove the native Ge oxides. The Ge 3d peak has been deconvoluted to reveal the contributions from the 3d 5/2 and 3d 3/2 levels in Ge 0 , as well as higher oxidation states of Ge. Prior to chemical treatment to remove the native oxide there is an observed broadening of the Ge 3d core level peak (FWHM 2.48 eV) due to the contribution from GeO x , which results in additional blueshifted Ge 3d peaks relative to bulk Ge 0 . After chemical treatment to remove the native Ge oxides the Ge 3d core level peak was observed to narrow (FWHM 2.08 eV) as the contribution from higher oxidation states of Ge is removed. Similarly, there was a significant change in the O 1s core level spectrum (Fig. S2 , in Ref. 22 ) before and after chemical treatments to remove the native oxide. Although there is a clear O 1s peak observed at $532 eV in the sample prior to chemical treatment, any signal due to O 1s was below the level of the background noise of the spectrum after chemical treatment to remove the native oxide. The HSQ pattern produced using the process outlined previously, was subsequently transferred to a p-Ge substrate using a Cl 2 RIE. An example of a sample where the pattern was transferred to the substrate is shown in Fig. 3 . Figure 3 shows an SEM micrograph of 15 nm wide Ge fins at a pitch of 120 nm. Details of electron exposure doses for the HSQ mask used to produce these structures are included in the supporting information (Fig. S3) . 22 The fins have been etched into the Ge wafer to a depth of 20 nm. Figure 3 (inset) is an HRTEM micrograph of a cross section of a 15 nm wide fin. The fin shown in the HRTEM micrograph in Fig. 1 was purposely produced along a h110i zone axis of the Ge crystal. The family of h110i axes are known to offer the highest charge carrier mobility within p-type Ge (Fd3m crystal system), and are thus preferable for device fabrication. 23 Fabrication of arrays of high-resolution HSQ lines on a Ge wafer using the HSQ EBL process, outlined previously, was also observed to depend on the age of the HSQ resist. HSQ has a shelf life of 6 months when stored in a sealed container at 5 C. We have observed that the process for producing high-resolution HSQ lines on Ge is reproducible and repeatable up to $1 month after the stated expiry date. However, after this time, effects like those shown in Fig. 1 (inset) were observed, where exposed lines partially delaminate from the substrate during development. This observation suggests that the Si-H groups in the HSQ resist play an important role in the adhesion of the HSQ resist to the Clterminated Ge surface. As the HSQ resist ages, the cage-like oligomers within the resist cross-link forming a network structure with the evolution of hydrogen gas. The Si-H sites in HSQ have been reported to be the sites involved in HSQ cross-linking and network formation. 24 Consequently, as the resist ages fewer Si-H sites are available to interact with the substrate to which the resist is applied. The fact that delamination of electron beam exposed HSQ lines from chlorinated Ge substrates is observed when HSQ ages beyond a certain point is thus indicative of cross-linking of the resist to the substrate.
Fourier transform infrared (FTIR) spectroscopy was used to investigate the presence of any chemical interaction between the HSQ resist and a Cl-terminated Ge substrate ( Fig. S4   22 ), following electron beam exposure or thermal treatment. Figure S4 22 shows an FTIR spectrum of a 25 nm HSQ film deposited on a 20 nm Ge film prepared on a Si substrate by MBE (Ge-Si) prior to electron beam exposure or thermal annealing. Preparation of the Ge-Si substrates has been described elsewhere, and TEM analysis has confirmed the highly crystalline epitaxial interface between the Ge film and the Si substrate. 25 The native Ge surface oxide was removed, and the Ge film was terminated with Cl prior to HSQ deposition. The spectrum in Fig. S4 22 was produced by subtracting the spectrum produced by a clean Ge-Si substrate from that of a Ge-Si substrate coated with a 25 nm HSQ film. The spectrum in Fig. S4 22 shows the hallmark absorbance peaks associated with HSQ. The Si-H stretch is observed at 2256 cm
À1
, which is characteristic of a Si-H species, whereby the Si atom is bound to three electronegative O atoms leading to a blueshift in the Si-H absorbance peak relative to an Si-H species present on a hydride terminated Si wafer, for example. The asymmetric Si-O-Si stretching modes for cage and network HSQ structures have absorbance peaks labeled as (Si-O-Si) cage can be attributed to the cage and network structures, respectively, as reported previously. 26, 27 The greater intensity of the as (Si-O-Si) cage and d(H-Si-O) absorbance peaks in Fig. S4 22 with respect to the as (Si-O-Si) net and d(O-Si-O) peaks, respectively, is consistent with a high concentration of the cage species with respect to that of the network analog prior to electron beam exposure or high temperature thermal treatment. Figure 4 displays FTIR spectra of 25 nm HSQ films on Ge-Si and Si substrates after annealing at 673 K for 1 h in a N 2 atmosphere. The HSQ changes upon heating are typical of the literature. Here we note that there is the addition of a Ge-O-Si peak, which we attribute to chemical bonding at the interface. This did not appear in electron beam exposed samples possibly due to insufficient signal. We expect its presence due to the potential for a condensation reaction at the interface between the Si-H bonds in the HSQ and Cl terminated Ge as highlighted in the upcoming Eq. (1). The peaks associated with the cage structure of HSQ seen in Fig. S4 22 are notably absent from the spectra in Fig. 4 , these include the Si-H stretch, as (Si-O-Si) cage , and d(H-Si-O) at 2256, 1122, and 860 cm À1 , respectively. The dominant feature of the spectra in Fig. 4 is the absorbance peak at 1060 cm
, associated with asymmetric stretching of the Si-O-Si moiety in a SiO 2 glass. Another feature present in the FTIR spectra of the HSQ films on Ge-Si and Si shown in Fig. 4 , is the peak denoted with an asterisk (*) at 879 cm À1 associated with a Si-O bending mode in a Si rich silicon oxide. 27 The bottom trace in Fig. 4 represents the difference between the middle and top traces and shows a broad peak centered at $1000 cm À1 , which can be partially attributed to the presence of a Ge-O-Si moiety. 28, 29 Formation of a Ge-O-Si linkage between the HSQ resist and the Ge crystal during cross-linking of the HSQ resist by thermal treatment or electron beam exposure would further increase resist adhesion to the Ge substrate and prevent pattern lift-off in the developer solution. The formation of a Ge-O-Si linkage may thus allow resist features with smaller critical dimensions to be produced on Ge than in the absence of such a covalent linkage.
Similar FTIR analyses were also performed on electron beam exposed HSQ films on Si and Ge-Si substrates. A 2 mm Â 1.5 mm area was exposed at a dose of 800 lC cm À2 on 25 nm HSQ films on both Si and Ge-Si substrates, requiring an exposure time of 48 h each. Figure S5 22 shows FTIR spectra obtained from the exposed and developed HSQ films on both Si and Ge-Si substrates. The spectra shown in Fig. S5 22 very closely resemble those of the annealed HSQ films, shown in Fig. 4 . The most significant peaks in the spectra in Fig. S5 22 are the same as those highlighted in Fig. 4 , . When the difference between the FTIR spectra obtained from the electron beam exposed samples was considered bottom trace in Fig. S5 , 22 only a very low intensity absorbance peak at 1030 cm À1 consistent with a Ge-O-Si vibrational mode 29 was observed, however, this peak is almost at the noise level of the spectrum. Electron beam exposure of a larger area of HSQ film may facilitate detection of a more significant signal from the HSQ interface with Ge, however, this would require electron beam exposure times of a week or more for each of the Si and Ge-Si samples. Electron beam exposure and thermal curing of HSQ films have been shown previously to result in similar Si-H and Si-O bond redistribution effects, thus, thermal curing can be considered to produce comparable effects to electron beam exposure in HSQ films. 3, 30 Consequently, the Ge-O-Si moiety observed in HSQ films deposited on Clterminated Ge after thermal curing suggests that HSQ patterns produced on Cl-terminated Ge by EBL are covalently bound to the Ge crystal, thus preventing lift-off of highresolution HSQ patterns during HSQ development. Direct cross-linking of HSQ films to the Cl-terminated Ge substrate is likely to be a dynamic process involving the hydrolysis of the Ge-Cl species by residual water remaining from the aqueous HCl solution used to chlorinate the Ge surface. Ge-OH species formed by hydrolysis of Ge-Cl would readily react with silanol groups present in the HSQ films during thermal annealing or electron beam exposure resulting in the formation of Ge-O-Si linkages via a condensation reaction as shown in the following equation 28 : , it is again apparent that the presence of a surface oxide, which is soluble in the HSQ developer, inhibits the production of ordered arrays of high-resolution HSQ structures using an HSQ EBL process. Figure 6 displays a selection of cross-sectional TEM micrographs of Bi 2 Se 3 nanoribbons produced from a 7 nm Bi 2 Se 3 film grown by MBE. The Bi 2 Se 3 film was patterned using the HSQ EBL process outlined previously and the pattern was transferred to the film using an Ar þ ion etch. Figure 6 (a) displays 30 nm wide nanoribbons at a pitch of 60 nm produced from an 8 nm thick Bi 2 Se 3 film. Figure  6 (b) shows an HRTEM micrograph of the crystal lattice of a single Bi 2 Se 3 nanoribbon. The HRTEM micrograph clearly shows the layered crystal structure of rhombohedral Bi 2 Se 3 with the c-axis of the crystal oriented orthogonally to the Si h111i substrate. The repeating units in the layered structure of the Bi 2 Se 3 thin films are known as quintuple layers (QL) and are stacked along the c-axis. Each QL is so-called as it consists of five layers of atoms in the sequence Se-Bi-Se-Bi-Se. Within each QL, strong covalent and ionic bonding dominates, however, only weak van der Waals-type bonding exists between the two Se layers at the QL-QL interface. 31 The observed QLs in Fig. 6 (b) are $1 nm thick as described in previous reports. The Bi 2 Se 3 film thickness is an integer multiple of the QL period. (lower left) in Fig. 6(c) , which can be attributed to the formation of a layer of amorphous SiO 2 , which is formed following MBE Bi 2 Se 3 thin film growth. Amorphous SiO 2 formation can be attributed to the diffusion of oxygen through the Bi 2 Se 3 thin film when the Bi 2 Se 3 film is exposed to an ambient atmosphere. 32 XPS analysis of a Bi 2 Se 3 thin film sample before and after treatment with the TMAH/NaOH/NaCl solution revealed a change in the composition of the surface of the sample. A Bi 2 Se 3 thin film, which had been stored in a chemical dehumidifier at room temperature for 6 months while waiting for further processing, was analyzed by XPS as shown in the upper spectra in Fig. 7 . Deconvolution of the Bi 4f core level peaks [upper spectrum Fig. 7(b) Figure 7 also shows XPS spectra of the Se component of the native oxide. The spectra shown in Fig. 7(a) 
IV. SUMMARY AND CONCLUSIONS
To conclude, successful chemical routes to remove the native oxides of both Ge and Bi 2 Se 3 prior to the application of HSQ EBL resist have been demonstrated. The chemical processing of Ge and Bi 2 Se 3 described herein is imperative to produce ordered arrays of high-resolution nanostructures in both of these materials using an HSQ EBL process. Consequently, where a material possesses a native oxide, which is soluble in HSQ developers, the limiting factors to achieving high-resolution HSQ nanostructures on the surface of such a material, is the availability of a viable route to remove the native oxide and the adhesion of HSQ to the oxide-free surface of the underlying material.
Further, a route to the production of covalently bound SiO x films on Ge has been demonstrated by thermal curing of HSQ films deposited on Cl-terminated Ge crystals. This route may find applications in the fabrication of Ge-on-insulator substrates, as well as in the production of low-k dielectric films on Ge materials. 
